The analysis and design of water distribution networks has increasingly become a fascinating subject of research in recent decades, with objectives shifting from merely fulfilling consumers' demands for pressure, flow and quality to more sophisticated optimisation, resilience and reliability considerations. This paper applies concepts of graph theory and network hydraulics to assess the resilience of water distribution networks by investigating node connectivity. A key finding reveals that the higher the node connectivity, the greater the network resilience.
INTRODUCTION
A water distribution system basically comprises of nodes and links, with nodes consisting of junctions, points of external withdrawal, tanks and reservoirs; while links consist of pipes, pumps and associated appurtenances. These various components should be properly designed and located so that they can function adequately in order to deliver the required service levels to consumers. In particular, the number and connectivity of nodes has got a critical bearing on the resilience of the network in as far as alternative paths for flow are available. The more the alternative routes, the higher the assurance that consumers will not be cut off from supply if one link is put out of service. In this study, a methodology that combines concepts of graph theory [1] , [2] and network hydraulics was developed to assess the resilience of water distribution networks through the investigation of node connectivity.
In order to achieve the study objective, a case study of the Rubaga subsystem of the Kampala water distribution network was utilised. A model of the Rubaga network ( Fig.  1) was built in the EPANET2 hydraulic solver [3] , assuming a roughness coefficient of 0.5 for all pipes. Other network details can be found in [4] and [5] , wherein demand values used were twice those adopted in this paper, owing to a demand multiplier of 0.5 that was factored in at 12 00 AM, when this network was run.
The resilience of the network was assessed by investigating network connectivity. The hypothesis adopted was that the more the interconnectedness between network nodes, the higher the resilience of the network to shocks, an idea also accepted by [6] and [7] . This paper sought to, in this regard, establish the relationship between node connectivity and its impact on overall network resilience. The importance of any node j was assessed by determining the number of other nodes that it is directly connected to. It should be understood that the term 'direct' as used in this paper has no reference to direction, as is the interpretation in graph theory, but rather simply means that the nodes are not connected by any other intermediate nodes.
The more the nodes connected to node j, the higher its importance or centrality [5] in the network due to the fact that it provides an avenue through which other nodes are supplied, especially in branched (dendritic) networks. The centrality of the node provides an additional advantage in looped networks by providing other alternative routes available for flow, in the event that a certain link is out of service. This factor greatly positively affects resilience of a network. In graph theory, the number of direct connections to a node gives the node its degree.
Two scenarios were used to evaluate network hydraulic performance, by running the model with and without the selected nodes. The importance of the nodes, characterized by their degree, was assessed in accordance with the hydraulic impact of the considered scenarios on the network. Principal model output parameters that were used as indicators of network performance in this research included pressures, flows and velocities. Subsequently, nodes were ranked in the order of their importance. Table I shows the direct connectivity between the different nodes of the network. The nodes are listed by their identification numbers (ID) in the second column from the left and second row from the top. The reservoir and tank have been deliberately left out from the table due to the fact that they are the primary source of water supply to the network, a fundamental 'must have' and their importance is unquestionable, so that there is no need to discuss them. The cell marked with an 'X' implies that the nodes in the column and row that intersect at the cell, are directly connected to one another. By counting the numbers of 'X' in the row or colum corresponding to node j, we can determine the degree of node j. For example, node 8 has a degree of 2. It should be observed that self connected nodes have been avoided, as they are of no practical value in water distribution. Table 1 also shows the degree of the nodes in the network. The maximum degree of any node in the network is 4 and this is typical for most networks [2] . It is also worth noting that no node has a degree of one, unless it is a reservoir. In water distribution modelling practice, 1-degree nodes are eliminated and their demand lumped with the demand of their neighbouring node, in order to facilitate the solution of the energy and mass equations across nodes. In a branched network, a node is of profound importance because it is the gateway to downstream nodes. It's absence means that all downstream users do not receive any water. The higher the degree of the node, the higher its importance and criticality in the network, on account of the fact that its absence may mean that more down stream users are cut off from supply. This though, is not always true, as in fact a node can be connected to only two other nodes, but which serve many more people or provide water to very critical utilities in the network. Nevertherless, in this context, however, the order of importance of the nodes in the network is as shown in Table 2 . In a looped network, the direction of flow to and from a node keeps changing (is reversible) depending on withdrawals and pipe capacities, among other factors. The reversibility of flow direction in looped networks results into an 'undirected' graph, a concept borrowed from graph theory. Thus, in the context that accords importance to a high degree node in a dendritic network, it would at first thought, be interpreted that a high degree node in a looped network does not represent criticality, since it means there are several alternative routes to supply that node, should there be a failure in any of the links it associates with. Actually, this argument is flawed; the importance of a node in a looped network should be interpreted in terms of how many other pairs of nodes the particular node joins with the shortest path, a concept also known as betweenness centrality in graph theory. Precisely, the betweenness centrality of node j is the number of shortest (geodesic) paths that connect two other pairs of nodes, while passing through this node j [4] . Resilience of networks can be affected if 'nodes of centrality' are removed, since connections between pairs of nodes that utilise the 'nodes of centrality' are lengthened; and in worst case scenarios, the nodes may get completely disconnected, with the result that water will then not be able to move between these nodes. In addition, removal of high degree nodes may have a profound impact on the hydraulic performance of the network. This factor thus confirms that the importance of a node in a looped network corresponds to the degree of the node: the higher the degree, the higher the importance.
RESULTS AND DISCUSSION

Impact of node removal on network hydraulic performance
The impact that removal of nodes 20, 12, 7, 8, 9, 15 and 16 would have on the network is minimal because the nodes have a low degree (they connect only two pipes directly). This means that removal of these nodes leaves other viable alternative routes to satisfy all customers. Removal of nodes 36, 13, 3, 4, 10 and 11 leaves a fair impact. These 3-degree nodes connect many other nodes and their removal increases head losses and makes the travel distance for water longer. Removal of nodes 14 and 31 bears appreciable consequences on the hydraulics of the network and service delivery, as illustrated in Table 3 in which node pressure values obtained before and after node 14 was removed, are compared (node 14 was sampled for illustration in this paper, because it has the highest degree). It can be observed that pressures before node 14 was removed, are greater than pressures after node 14 was removed. This is majorly because the remaining alternative paths were longer and with higher discharges required to satisfy demand, head losses also increased. Needless to say, the total demand from the tank reduced, after removal of node 14, by an amount equivalent to the would-be external; withdrawal from the node. In Table 4 is shown flow, velocity and head loss features of the pipes in the network before and after node 14 was removed. It should be observed that removal of node 14 also means removal of pipes 4, 5, 2 and 21. It can be seen that flow and head losses in some pipes reduced, while they increased in others in an unpredictable trend that is characteristic of the non-linearity of the head loss equations that describe network hydraulics. It can be seen that in some cases, flow changes were drastic.
A special distinction should be made that node 2, being the gateway to the network, is fundamentally important, due to the fact that without it, there can be no service to the network. Obviously, as mentioned before, the importnace of the tank and reservoir cannot be overemphasized. 
CONCLUSION
A procedure for ranking nodes in the order of their importance in the network was developed. The importance was assessed in terms of the contribution the node makes towards the resilience of the network, an aspect that was investigated by removing the node and comparing the hydraulic impact of this activity on the network, to what it was before the node was removed. It was discovered that the higher the degree of the node, the bigger the contribution of the node to network resilience. The methodology developed enables the determination of nodes which form pillars of a network, and which should never be removed. In addition, the paper highlights the role played by graph theory in assessing resilience of water distribution networks.
